The influential "premotor theory of attention" proposes that developing oculomotor commands mediate covert visual spatial attention. A likely source of this attentional bias is the frontal eye field (FEF), an area of the frontal cortex involved in converting visual information into saccade commands. We investigated the link between FEF activity and covert spatial attention by recording from FEF visual and saccade-related neurons in monkeys performing covert visual search tasks without eye movements. Here we show that the source of attention signals in the FEF is enhanced activity of visually responsive neurons. At the time attention is allocated to the visual search target, nonvisually responsive saccade-related movement neurons are inhibited. Therefore, in the FEF, spatial attention signals are independent of explicit saccade command signals. We propose that spatially selective activity in FEF visually responsive neurons corresponds to the mental spotlight of attention via modulation of ongoing visual processing.
Introduction
Humans and monkeys are able to select and acquire visual information preferentially within a locus of peripheral vision without shifting gaze (Posner, 1980; Kinchla, 1992; Egeth and Yantis, 1997) . This ability, known as covert spatial attention, often is compared metaphorically with a mental spotlight that illuminates a selected area or object for enhanced processing. Behavioral studies have shown that covert spatial attention and overt eye movements are closely linked (Hoffman and Subramaniam, 1995; Kowler et al., 1995; Sheliga et al., 1995a,b; Deubel and Schneider, 1996) and support the premotor theory of attention, which proposes that covert attention arises from latent eye movement commands even when eye movements are not made (Rizzolatti et al., 1987; Sheliga et al., 1995a; . Additional support for this theory comes from studies of the frontal eye field (FEF), an area in the frontal cortex that, in addition to generating saccade commands Hanes and Schall, 1996; Tehovnik et al., 2000) , plays a central role in the allocation of spatial attention in both humans (Corbetta et al., 1998; Beauchamp et al., 2001; Corbetta and Shulman, 2002; Grosbras and Paus, 2002; Muggleton et al., 2003; Kincade et al., 2005) and monkeys Moore and Fallah, 2004) . This evidence has led to the hypothesis that FEF saccade-related movement neurons mediate covert attention by modulating the gain of neurons in extrastriate visual cortex (Hamker, 2005) . Although many studies are consistent with the premotor theory of attention, the fact that the FEF plays a role in both covert attention and eye movements does not mean necessarily that covert attention and eye movements originate from the same source; they could be mediated by different processes (Klein and Pontefract, 1994) .
In monkeys performing visual search tasks traditionally used to study visual attention, the activity of FEF neurons evolves to identify the target of a search array before a saccade is made (Schall and Hanes, 1993; Schall et al., 1995b; Thompson et al., 1996 Bichot et al., 2001a,b; Sato et al., 2001; . This selection process does not depend on saccade production (Thompson et al., 1997; Murthy et al., 2001; . However, in all of these studies, the saccades were a prominent component of the either the task or the monkeys' training. Therefore, it could be argued that the selection process could reflect some component of saccade planning.
In this study, we recorded from single neurons in the FEF while monkeys performed a pop-out visual search task requiring a manual response in which there was clear evidence of absence of saccade planning. First, we tested the hypothesis that there is activity in the FEF that corresponds to the locus of attention during visual search that cannot be attributed to previous training or to saccade production. Second, we tested the specific prediction that, when attention shifts covertly to a target in the visual field, motor activity for a saccade toward the locus of attention also should be present. We found that a spatially selective signal that could correspond to the spotlight of attention was present in the activity of most visually responsive FEF neurons, but the activity of movement neurons was suppressed.
Materials and Methods
Data collection. Two experimentally naive male monkeys (Macaca mulatta), weighing 8 kg (monkey S) and 6.5 kg (monkey C), were prepared for electrophysiological recordings. All surgical and experimental protocols were approved by the National Eye Institute Animal Care and Use Committee and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Sterile surgery was performed under ketamine and isoflurane anesthesia to place a head-holding device, a plastic recording chamber over the left FEF, and a scleral search coil. The FEF was localized within the recording chamber by using low current microstimulation (Ͻ50 A) to evoke saccades and by the presence of saccade-related movement neurons . Recording sites were confirmed to be in the rostral bank of the arcuate sulcus histologically in monkey S and by magnetic resonance imaging in monkey C.
Visual stimulation and behavioral control were done by a computer running the real-time experimentation data acquisition system (REX) (Hays et al., 1982) . Visual stimuli were presented on a computer monitor (26 ϫ 21 cm; 1024 ϫ 768 pixel resolution; 85 Hz frame rate) viewed at a distance of 57 cm. Action potential waveforms were recorded with tungsten microelectrodes, digitized, and saved by using a computer-based data acquisition system (Plexon, Dallas, TX). Often two or three units were recorded simultaneously. Off-line spike sorting separated single units on the basis of size and shape of the spike waveforms. Analog eye position and lever position signals were digitized and sampled at 1 kHz.
Behavioral training and tasks. The monkeys used in this experiment had no previous experience in performing behavioral tasks. Monkeys were seated in a primate chair with the head fixed. Using operant conditioning with positive reinforcement, we trained the monkeys to perform a memory-guided saccade task and a covert visual search task. The two tasks were run in separate blocks of trials.
The memory-guided saccade task was used to distinguish visual from movement activity for cell classification and to map the spatial extent of the response field of each neuron ) (see Fig.  1a ). After the monkey fixated on a 0.3°diameter gray spot on a black background for 400 -800 ms, an identical spot was flashed for 50 ms at a peripheral location. The monkeys were required to maintain fixation on the central spot for a random interval ranging from 800 to 1400 ms. After the central spot disappeared, the monkeys were rewarded for making a saccade to the remembered location of the target. Once gaze shifted, the target reappeared to provide feedback and a fixation target for the monkeys.
Covert visual search tasks were used to examine neural activity during visual search without saccades (see Fig. 1b) . A lever that could be turned left or right of vertical was attached to the front of the chair within easy reach of the monkey. When no force was applied to the lever, a spring automatically returned it to the vertical position. Although the monkeys were free to use either hand to turn the lever, monkey S was exclusively left-handed and monkey C was exclusively right-handed.
The location and identity variations (see Fig. 1b ) of this task had the same temporal structure. After the monkey grasped the lever and positioned it within 10°of vertical, a small (0.3°) central yellow fixation cross appeared on a black background. The different fixation stimulus was used to help distinguish this task from the memory-guided saccade task. In this task, the monkeys were required to maintain fixation on the central stimulus until the reward. After the monkeys fixated on the central cross for a random interval (400 -800 ms), a target was presented randomly at one of six or eight isoeccentric locations spaced equally around the fixation cross. The remaining locations were occupied by distractors. Each of the stimuli subtended 1.5°of visual angle, and the eccentricity of the stimuli was adjusted so that at least one of the stimulus locations was inside the receptive field of the neuron. The monkeys were rewarded for making the correct lever turn (Ͼ15°from vertical) within 2 s after search array presentation; in practice, the monkeys nearly always turned the lever to the limit of 35°from vertical. If the monkey broke fixation at any time during the trial, released the lever, or made an incorrect lever turn, the trial was aborted immediately. The reward was given immediately after a correct lever turn; however, the fixation spot and search array remained on for an additional 250 -500 ms, and during this time the monkeys were free to make saccades without penalty. This was done to probe whether there were latent saccade plans that were being suppressed until after the reward. The intertrial interval from the removal of the visual stimuli and the reappearance of the fixation spot at the beginning of the next trial was at least 500 ms. Longer intertrial intervals occurred when the monkeys did not maintain gaze at the central location between trials or when the lever was not held in the vertical position.
Monkey S was trained to report the location of the color singleton target of the search array. The stimuli were isoluminant green and red disks. The target could be either green or red, but within a block of trials, the color of the target and distractors did not change. Six stimulus locations were used; three were to the left and three were to the right of the fixation cross. A correct response was a lever turn corresponding to the location of the target stimulus relative to the fixation spot.
Monkey C was trained to report the identity of a Landolt C among O distractors. The stimuli were gray rings, with one of them having a 0.5°g ap randomly on the left or right. Eight stimulus locations were used. A correct response was a lever turn corresponding to the location of the gap in the Landolt C.
Data analysis. Lever position and eye position were sampled at 1000 Hz. Saccades were detected by using a computer algorithm that searched for elevated eye velocity (Ͼ20°/s). Saccade initiations and terminations then were defined as the beginnings and ends of the monotonic changes in eye position that lasted at least 10 ms. A lever turn was defined as a turn Ͼ15°from vertical. The beginning and end of each lever turn were defined as the beginning and end of the monotonic change in lever position before and after the 15°threshold was reached. The time of the beginning of the lever turn on each trial was used as the reaction time for that trial.
Activity recorded in the memory-guided saccade task was used for neuron classification. Activity was measured as a spike count per trial occurring in 150 ms time intervals. The visual response was measured between 50 and 200 ms after the target flash. Baseline activity was measured during the last 150 ms before target presentation. The movement response was measured between 100 ms before and 50 ms after saccade initiation. Delay period activity was measured in a 150 ms interval of the delay period beginning 300 ms before the fixation spot disappeared, which cued the monkey to make a saccade to the remembered target location. The nonparametric Wilcoxon rank sum test was used to test for significant differences in spike counts across conditions. A neuron was defined as being visually responsive if the visual response was significantly greater than baseline activity ( p Ͻ 0.05). A neuron was defined as being movement-related if the movement response was significantly greater than the late delay period activity. Neurons were classified as visual, visuomovement, or movement (see Fig. 5 ) based on these two statistical tests. A neuron was defined as being selective in the covert visual search task if the number of spikes per trial occurring during the interval from 100 to 250 ms after the presentation of the search array was significantly greater ( p Ͻ 0.05) on trials in which the target of the search array fell in the receptive field of the neuron than on trials in which only distractors fell in the receptive field. The average spike density functions shown in Figures 3, 4 , and 6 were obtained with a kernel that projects activity forward in time and approximates an EPSP and are used for viewing average spike activity only.
Results
In two monkeys, we controlled the locus of exogenously driven covert attention with a pop-out search task without eye movements (Fig. 1b) . A salient oddball stimulus was presented among homogeneous distractors. The location of the target was randomized from trial to trial. In this situation, the target stimulus popped out, automatically attracting attention (Theeuwes, 1994; Joseph and Optican, 1996; Egeth and Yantis, 1997; Nothdurft, 1999; Turatto and Galfano, 2000; Turatto et al., 2004) . In addition, the salient target stimulus was behaviorally relevant, which also encouraged subjects to focus attention to the location of the target for visual analysis (Nothdurft, 2002) . The monkeys were trained to report with a manual lever turn either the location (monkey S) or the orientation (monkey C) of a singleton target among distractors without shifting gaze from a central fixation spot (Fig. 1b) . Because the monkeys were required to recognize the target stimulus to guide their behavior, we are confident that their attention was directed to the location of the target stimulus before the manual report.
Although the two monkeys were trained on different versions of the covert visual search task, their behavioral performance was similar. Overall, the monkeys performed correctly on 80% of the trials (monkey S, 82.3% correct; monkey C, 77.3% correct), which was well above the chance level of 50% ( p Ͻ 0.001). The reaction times measured from the presentation of the search array to the beginning of the lever turn averaged 283.9 ms (SD ϭ 72.8 ms) for monkey S in reporting the location of the singleton color target and 297.4 ms (SD ϭ 91.3 ms) for monkey C in reporting the identity of the Landolt C among O distractors.
An analysis of gaze behavior does not show evidence for latent saccade planning to the singleton target while the monkeys performed the manual lever search tasks (Fig. 2) . For both monkeys, the reward was given within 100 ms of a correct lever turn. If the monkey broke fixation at any time before the liquid reward, the trial was aborted. However, after reward delivery, the search array and the fixation cross remained on the video screen for an additional 250 ms for monkey S and an additional 500 ms for monkey C. During this time, the monkeys were free to shift gaze without penalty. Nevertheless, they nearly always maintained fixation on the central fixation spot until the search array was removed (monkey S, 96% of trials; monkey C, 82% of trials). Even when the fixation spot and the search stimuli were removed from the video screen, the monkeys still tended to maintain fixation at the center of the screen, awaiting the beginning of the next trial that started 500 ms later. By 500 ms after the removal of the fixation spot and search stimuli, monkey S continued to maintain fixation at the central position after 69% of the trials and monkey C after 52% of the trials.
If saccades were being planned covertly, one would expect that the saccades that were made after either the reward or the removal of the fixation cross would tend to land near the target location. However, this was not the case. Postreward saccades tended to land near one of the search stimulus locations. However, they did not tend to be directed toward the target. Also, Figure 1 . The tasks. a, The memory-guided saccade task. After the monkey fixated on a central spot, a peripheral stimulus identical to the fixation spot was flashed for 50 ms at one of six or eight locations. After a delay, the fixation spot was removed, and the monkey was instructed to make a saccade to the remembered target location. b, The manual lever search task. After the monkey grasped a lever in the vertical position, a small fixation cross appeared. After the monkey fixated on the central cross, a search array appeared in which one of the stimuli was different. In the location search ("Location"), the monkey was rewarded for turning the lever in the same direction as a different-colored stimulus in relation to the fixation cross. In the identity search ("Identity"), the monkey was rewarded for turning the lever in the same direction as the gap in the C stimulus.
Figure 2. Saccade behavior of monkey S during the location search task (top) and monkey C during the identity search task (bottom). Each point plots the endpoint of the first postreward saccade on each trial in which a saccade was made within a time window ending 500 ms after the search array was removed. The oddball stimulus is shown at the right horizontal position at 10°eccentricity, and the saccade endpoints were rotated and scaled accordingly for display. The circle around the target represents the 5°window in which saccades were counted as being made to the target location after the reward. These trials were removed from the neural activity analysis. For monkey S, a saccade was made after 1460 of 4710 trials (31%) and landed within 5°of the target on 188 trials (4%). For monkey C, a saccade was made after 2384 of 4966 trials (48%) and landed within 5°of the target on 394 trials (8%). many saccades were made to the edge of the video screen or other objects within the monkeys' field of vision (Fig. 2) . The saccades that were made between the time of reward delivery and 500 ms after the removal of the fixation cross and search stimuli landed within 5°of the target location on only 4% of the trials for monkey S and 8% of the trials for monkey C. Because we were interested in FEF activity without saccade planning, these trials were removed from the neural activity analysis because of the possibility that saccades to the target may have been programmed during those trials. Trials in which the target was presented near the edge of the receptive field were not used in the neural activity analysis. As a result, on average, only 1.2 trials for monkey S and 2.2 trials for monkey C were removed from the analysis of activity for each neuron because of the saccade endpoint being near the target. The removal of these rare trials did not change the results in any way. Also, the results did not change when all trials in which saccades were made within 500 ms after the removal of the search array were removed from the analysis.
We recorded the activity of 152 neurons in the FEFs of the two monkeys performing a memory-guided saccade task (Fig. 1a) and one of the manual search tasks (Fig. 1b) . Activity recorded during the memory-guided saccade task was used for neuron classification and for mapping the extent of the receptive field. A total of 101 neurons (50 from monkey S and 51 from monkey C) exhibited visual and/or saccade-related activity during the memory-guided saccade task. These neurons provided the data for the analysis of activity collected during the manual search tasks.
Visually responsive neurons
In total, 80 neurons were visually responsive. Figure 3 plots the activity of two typical visually responsive neurons, one from each monkey. The neuron shown in Figure 3a -c is from monkey S. In the memory-guided saccade task (Fig. 3a) , this neuron had a phasic visual response after the target flash, no activity during the delay period before the instruction to make a saccade, and a growth of activity before the saccade to the remembered target location. Many visually responsive neurons, like this one, were classified as visuomovement neurons (n ϭ 23) because they exhibited increased activation before saccades during the memoryguided saccade task (Fig. 3a) . The neuron shown in Figure 3d -f is from monkey C and is an example of a visual neuron. In the memory-guided saccade task (Fig. 2d) , this neuron had a sustained visual response after the target flash that lasted through the delay period and no activity increase before the saccade. In the manual lever search task (Fig. 3b,c,e,f ) , the activity of both neurons evolved to select the location of the singleton target before the lever turn.
The majority (77.5%) of visually responsive neurons exhibited significantly greater responses (Wilcoxon rank sum test; p Ͻ 0.05) before the lever turn when the singleton target was in the receptive field than when distractors were in the receptive field. The results from monkey S performing the location search task (27 of 38 visually responsive neurons were selective, 71%) and from monkey C performing the identity search task (35 of 42 visually responsive neurons were selective, 83%) were similar. Because all previous studies showing spatial selectivity in the FEF incorporated saccades as part of the task, it was unknown whether FEF activity would select the singleton target of a search array without saccades. A real possibility was that spatial selectivity occurs in the FEF only when saccades are produced. Therefore, the first main result of this study is that the activity of the majority of visually responsive neurons evolved to select the location of the singleton target before the monkey turned the lever without any behavioral or physiological evidence of saccade planning. The physiological evidence for the absence of saccade planning will be presented in the next section.
FEF visual responses typically do not exhibit selectivity to a specific feature of a visual stimulus (Mohler et al., 1973; Schall et al., 1995b) ; however, under some training conditions, FEF neurons can exhibit color selectivity . This possibility was addressed in monkey S. This monkey was trained to report the location of the singleton color with a corresponding lever turn. When the target was to left of the fixation spot, the correct response was to turn the lever leftward and to turn the lever rightward when it was on the right. For 10 of the visually responsive neurons that exhibited significant selection, we were able to collect data while the monkey performed a block of redtarget-among-green distractor trials and a block of green-targetamong-red distractor trials. The neuron shown in Figure 3a -c is one example. Figure 3b shows the activity when the singleton target was red, and Figure 3c shows the activity of the same neuron when the singleton target was green. In this neuron, as in all 10 neurons tested with both complements of the search array, the activity was greater when the singleton target was in the receptive field than when only distractors were in the receptive field regardless of color. Although it has been shown that FEF neurons are not active for arm movements (Mushiake et al., 1996) , the possibility that the neurons were responding to the direction of the lever turn was addressed in monkey C. This monkey was trained to report the orientation of the Landolt C, which varied randomly from trial to trial. Thus a target at the same location could result in opposite manual responses. The neuron shown in Figure 3d -f is one example. Figure 3e shows the activity from trials in which the C was oriented leftward and the lever turns were leftward, and Figure 3f shows the activity from trials in which the C was oriented rightward and the lever turns were rightward. In this neuron, as in all 35 of the selective neurons tested with this version of the task, the activity was greater when the C was in the receptive field than when only O distractors were in the receptive field, regardless of direction of the manual lever turn.
Movement neurons
Twenty-one movement neurons were recorded in the manual lever search task, 12 from monkey S and 9 from monkey C. Movement neurons are those neurons that did not exhibit a visual response after the target flash and had a growth of activity before the saccade in the memory-guided saccade task . The neuron shown in Figure 4 is one example. The second main result of this study is that none of the 21 purely movement neurons in the sample showed any selectivity during the manual lever search task. The neuron shown in Figure 4b showed a significant decrease in activity after the presentation of the search array that lasted throughout the trial, even after the lever turn and the reward, until the search array was removed. The suppression was not spatially specific; it occurred equally on trials in which the singleton target of the search array was in the response field (Fig. 4b , thick line) and on trials in which distractors were in the response field (Fig. 4b, thin line) . Across the entire sample, 57% (12 of 21) of the movement neurons exhibited a similar significant reduction in activity ( p Ͻ 0.05). When we considered only those neurons with baseline activity (before the presentation of the search array) of Ͼ4 spikes/s, the percentage of movement neurons that had a significant reduction in activity during the search trials increased to 86% (12 of 14).
Population activity
In memory-guided saccade tasks, FEF neurons respond along a visuomotor continuum, exhibiting differing degrees of visual and saccade-related activation . At one end of the continuum, visual neurons respond to the presentation of a visual stimulus in their receptive field, but they do not exhibit an increase in activity before saccades (Fig. 3d) . At the other end of the continuum, movement neurons exhibit increased activity before and during saccades, but no activity after the presentation of a visual stimulus (Fig. 4a) . Visuomovement neurons are intermediate, exhibiting both visual and saccaderelated activity (Fig. 3a) . To quantify this continuum, we calculated a visuomovement index for each neuron as the contrast ratio between the visual response and the movement response in the memory-guided saccade task [(movement Ϫ visual)/(movement ϩ visual)] (for details, see Materials and Methods). For this calculation, the baseline activity was subtracted from the visual response, and late delay period activity was subtracted from the movement response. Negative visual or movement responses were rounded to zero.
To determine whether neuron type was related to spatial selectivity during the covert visual search task, we plotted the probability that the target response was equal to the distractor response in the covert visual search task as a function of visuomovement index (Fig. 5) . Each neuron also was classified as visual, visuomovement, or movement, based on whether it exhibited statistically significant visual-related and/or saccaderelated activity in the memory-guided saccade task. There was no significant difference in the results from visual neurons (46 of 57 visual neurons were selective) and visuomovement neurons (18 of 23 visuomovement neurons were selective) ( 2 ; p ϭ 0.25). In addition, all neurons that exhibited spatial selectivity in the manual lever search task had significant visual responses in the memory-guided saccade task. The nonvisually responsive movement neurons were the only neuron population that did not exhibit any selectivity in the manual lever search task. These results show that an FEF neuron must be visually responsive to signal spatial selectivity without saccade production. Nonvisually responsive movement neurons do not exhibit activity associated with covert attention. Figure 6 shows the pooled activity from all 80 visually responsive neurons and all 21 nonvisually responsive movement neurons recorded during the manual lever search task. After the presentation of the search array (Fig. 6a) , on average, visual neurons initially responded equally well to the target and distractors, but after ϳ100 ms, the activity evolved to indicate whether or not the singleton target was in the receptive field. This is the typical response of FEF visual neurons previously shown to occur during visual search tasks in which saccades were made to the target of the search array (Schall and Hanes, 1993; Schall et al., 1995b; Thompson et al., 1996; Bichot et al., 2001a,b; Sato et al., 2001) . As in the studies in which saccades were made, in this experiment the greatest selectivity occurred before the monkeys' behavioral re- Figure  2 , with the exception that the activity recorded during the lever search task is plotted until the time of the removal of the search array stimuli, which occurred ϳ700 ms after search array presentation (b). The box-whisker plot in b indicates the median, quartiles, and range of lever turn reaction times. A diagram showing the correct direction of the lever turn when the target was in the receptive field of the neurons is above the box-whisker plot.
port of the target (Fig. 6b) . Overall, after the lever turn a smaller selective response continued as long as the search array was present. However, this maintained selectivity was not observed in all of the neurons (Fig. 3b,c) . Additional study is needed to determine the reason for this difference across neurons. Nevertheless, the main result is clear: a majority of FEF visually responsive neurons exhibit selectivity for the location of a salient target before a manual report even when there is no evidence of saccade planning. In contrast, movement neurons are not active in this task, and the overall activity is suppressed after the presentation of the search array (Fig. 6a) . This suppression is not spatially specific, and it continues throughout the time in which the search array remains on the screen after the manual lever turn and reward. The presence of postreward saccades on some trials did not affect the results. Identical results were obtained when all trials with postreward saccades were removed from the analysis.
Discussion
Although the locus of the monkeys' attention was not probed directly, it is reasonable to assert that exogenously driven attention was directed covertly to the location of the singleton pop-out target in the manual lever search tasks. Numerous behavioral studies have shown that attention is directed automatically to the pop-out singleton of a search array (Theeuwes, 1994; Joseph and Optican, 1996; Egeth and Yantis, 1997; Nothdurft, 1999; Turatto and Galfano, 2000; Turatto et al., 2004; , especially when the stimulus is used to guide behavior (Nothdurft, 2002) . Also, the perception of a pop-out search singleton can be impaired when subjects are required to focus attentional resources to visual stimuli presented at the central fixation point (Joseph et al., 1997) . Therefore, attention is critical for the recognition of the singleton target even in pop-out search. By making the monkeys recognize the singleton target of a pop-out search array, we maximized the probability that attention was directed to the target stimulus and away from the distractor stimuli on every trial.
Evidence is growing that the FEF plays a key role in covert orienting. In humans, functional imaging studies show that the FEF is active during the allocation of attention with and without eye movements (Beauchamp et al., 2001; Corbetta and Shulman, 2002) , and transcranial magnetic stimulation over the FEF facilitates visual perception (Grosbras and Paus, 2002 ) and modulates Figure 6. Pooled average activity from FEF neurons recorded during the lever search tasks aligned on the time of the search array presentation (a) and the time of the initiation of the lever turn (b). The activity of target-selective visually responsive neurons and movement neurons is shown separately. Thick lines plot the average activity on trials in which the target landed in the response field. Thin lines plot the average activity on trials in which only distractors landed in the response field. The spatial extent of the response field was based on activity recorded during the memory-guided saccade task (see Figs. 3a, d, 4a) . For the movement neurons, the targetrelated and distractor-related activity was nearly identical and cannot be differentiated in the plots. The box-whisker plots show the median, quartile, and ranges of the lever turn reaction times (a) and search array presentation times (b) separately for the location and identity search tasks.
performance in visual search tasks without saccades (Muggleton et al., 2003) . Recently, Moore and colleagues demonstrated that weak electrical stimulation of the FEF below the threshold for producing saccades improves the perceptual abilities of monkeys (Moore and Fallah, 2001 ) and produces enhanced responses in extrastriate visual cortex that resembles the effects of directed spatial attention . However, with electrical stimulation, we cannot distinguish those neurons that mediate the observed effect from those that do not. We now have shown that stimulus-driven (exogenous) covert orienting and saccade production are separate processes that are mediated by separate populations of neurons. We propose that the selective activity we observed in FEF visually responsive neurons corresponds to the spotlight of attention and mediates the covert spatial attention-related modulations observed in visual cortex (Connor et al., 1997; McAdams and Maunsell, 2000; Ogawa and Komatsu, 2004) , presumably via the strong feedback connections from the FEF to extrastriate visual cortex (Schall et al., 1995a) .
The dissociation of visual selection from saccade production
Previous studies have shown a dissociation of visual selection in the FEF from saccade production. First, the time of selection in easy search tasks, such as the one used in this study, does not predict the time of saccades to the target Sato et al., 2001; . Also, when the same monkeys that were trained to make saccades to the singleton target performed a NoGo search task in which they viewed the search array passively (Thompson et al., 1997) or an anti-search task in which they made a saccade opposite to the location of the target, the neurons still exhibited selective activity for the oddball stimulus . This was similar to a study that showed enhanced responses in the FEF to a peripheral visual stimulus when saccades were made to it and when it was attended during fixation (Kodaka et al., 1997) . In another visual search experiment in which the target unpredictably switched places with one of the distractors, the activity of FEF visual neurons represented accurately the new location of the salient target, but not the goal of the next saccade . In that experiment, however, after an incorrect saccade to the first target location, the monkeys usually made a second saccade to the new target location. This behavior introduces the possibility that the selective activation was related to the production of the second corrective saccade. In fact, in all of the previous studies showing a dissociation of selection from saccade production, the monkeys had been trained extensively to make saccades to the singleton target of the search array. Therefore, it cannot be ruled out that, even in the experiments in which saccades were not made (Kodaka et al., 1997; Thompson et al., 1997; , saccades actively were being planned but suppressed, especially given the well known role that the FEF plays in the saccade production Hanes and Schall, 1996; Hanes et al., 1998; Tehovnik et al., 2000) . This assumption frames the hypothesis of motor origins of selective attention (Moore and Fallah, 2004; Hamker, 2005) . In this study, considerable effort was made to address whether or not the selective activation observed in the FEF during visual search is attributable to latent saccade planning. First, we minimized the chance for behavioral training to affect the results. The monkeys were experimentally naive; they had never been rewarded for making a saccade in a visual search task. Second, we used a fixation stimulus unique to the covert visual search task to instruct the monkeys to maintain fixation until the reward was given. Third, if the monkeys were planning saccades before the lever turn, then there should have been a bias in their gaze behavior after the reward while the search array remained on and there was no penalty for making a saccade. Although saccades were made after some trials, there was no behavioral evidence that the monkeys were inclined to make saccades to the target of the search array. Finally, perhaps the strongest evidence that saccades were not being planned is the nonspatially selective inhibition of activity in saccade-related movement neurons. In previous studies that used visual search tasks involving saccades, FEF movement neurons exhibited selective activity similar to that of visual neurons (Schall et al., 1995b; even when saccades were not made to the response field of the neurons (Bichot et al., 2001) . Also, when an instruction is given to countermand a partially prepared saccade, there is a growth of saccaderelated activity in the FEF before it is suppressed (Hanes et al., 1998) . Therefore, in tasks that use saccades as the behavioral report, FEF saccade-related movement neurons become active even when saccades are suppressed or canceled. In this study, however, there was no behavioral or physiological evidence of saccade planning, and spatially selective activity corresponding to spatial attention was observed only in the activity of visually responsive neurons.
The premotor theory of attention
The previously cited evidence linking the FEF to visual attention (Beauchamp et al., 2001; Moore and Fallah, 2001; Corbetta and Shulman, 2002; Grosbras and Paus, 2002; Muggleton et al., 2003) has been cited in support of the premotor theory of attention (Rizzolatti et al., 1987) , which postulates that saccade programming in the FEF and other oculomotor structures provides the basis for covert orienting (Findlay and Gilchrist, 2003; Moore and Fallah, 2004; Hamker, 2005) . This theory also has been supported by the results of behavioral studies that show that attention is directed obligatorily to a saccade target (Hoffman and Subramaniam, 1995; Kowler et al., 1995; Deubel and Schneider, 1996) . However, the inhibition of activity in movement neurons during our visual search task without eye movements is evidence against the view that the activity of FEF movement neurons mediates covert orienting (Hamker, 2005) . This is supported by a recent study that used electrical microstimulation in the FEF to reveal the state of saccade preparation in an anti-saccade task, which showed that covert attention is not related to the monkeys' state of saccade preparation (Juan et al., 2004) .
Evidence suggests that the spatially selective activity observed in FEF visual responses functions as a visual salience map that identifies potential targets for eye movements but is not an explicit saccade plan. In addition to the evidence of a dissociation of visual selection in the FEF from saccade production (see above), visual activity in the FEF does not drive saccade-related activity directly and does not modulate in time to control gaze shifts (Hanes et al., 1998) .
Nevertheless, the selection of potential saccade targets is an essential part of saccade planning, and therefore our results do not invalidate the premotor theory of attention. Previous studies have shown that, during tasks in which saccades are made to the attended location, the spatially selective signal that develops in visual neurons is transferred in a continuous manner to motor processes for saccade production (Gold and Shadlen, 2000; Bichot et al., 2001a; . The suppression of activity in movement neurons in our study during conditions in which covert attention is deployed suggests that the flow of information from visual selection to motor planning within the FEF can be controlled according to task demands. Our results demonstrate that spatial attention corresponds to the visual selection stage of saccade production; it is a precursor to the motor activity that leads directly to saccade generation and therefore can affect eye movements (Sheliga et al., 1995a,b) . Nevertheless, the spatially selective visual activity in the FEF is not by itself a saccade plan (Klein and Pontefract, 1994; Deubel and Schneider, 1996) . This view is consistent with the idea that there is a common origin for spatial attention and eye movements. The importance of the present results is that we have identified that the functional divergence of exogenously driven spatial attention and eye movements takes place between the visual selection and motor selection processes in the FEF.
In conclusion, although spatial attention and saccade generation probably are linked within the neural circuitry of the FEF, the spatial attention signal in the FEF during a pop-out visual search task is related more closely to visual processing than to motor processing. A correlate of exogenous covert orienting was found in the activity of visually responsive FEF neurons without any behavioral or physiological evidence of a saccade plan. Currently it is unknown whether the same activity patterns occur in the FEF during endogenously controlled attention. Our data suggest that the functional link between attention and eye movements is gated within the FEF. Nevertheless, it is likely that covert attention is distributed across multiple visual and motor structures that include areas of the parietal cortex (Astafiev et al., 2003; Bisley and Goldberg, 2003; Wardak et al., 2004) and the superior colliculus (Cavanaugh and Wurtz, 2004; Ignashchenkova et al., 2004; Muller et al., 2005) . Additional work is needed to clarify the relationships between these areas and the neural mechanisms underlying spatial attention and its role in guiding goal-directed actions.
